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The dissociation of a series of doubly charged pyridyl ligand/polyether/transition metal
complexes is studied using electrospray ionization and collision activation methods. Both
doubly charged mixed-ligand dimer and trimers are observed by electrospray ionization. The
mixed-ligand trimer complexes always dissociate by cleavage of one entire ligand, whereas the
mixed-ligand dimers show a more diverse array of fragmentation pathways, including charge
reduction processes. The fragmentation pathways of these mixed-ligand dimers are influenced
by the second ionization energy and electron configuration of the metal and relative
coordination strength of the ligands. (J Am Soc Mass Spectrom 1999, 10, 126–135) © 1999
American Society for Mass Spectrometry
The formation of multiply charged metal-contain-ing complexes by electrospray ionization (ESI) [1]has provided a unique way to generate gas-phase
ions that parallel those found in solution. ESI has thus
allowed mass spectrometric evaluation of an increas-
ingly diverse array of complexes, and there remain
numerous poorly understood issues regarding whether
the types of complexes created by ESI reflect structures
in solution and how binding interactions in metal
complexes in the gas phase differ from those in solu-
tion. Stability constants for complexes containing or-
ganic ligands and various metal ions provide a quanti-
tative means of evaluating structural and electronic
aspects of coordination chemistry in solution [2–4], but
these stability constants do not necessarily reflect what
happens in the ESI process nor allow prediction of the
dissociation pathways of the resulting gas-phase metal
complexes. The pyridyl and polyether ligands (Figure
1) are excellent models for studying fundamental as-
pects of metal complexation and may allow inroads in
the understanding of biologically-relevant metal com-
plexes, such as metalloenzymes, porphyrins, and poly-
ether antibiotics. Pyridyl ligands, such as 2,29-bipyri-
dine or 1,10-phenanthroline, typically bind transition
metal ions more strongly than do polyethers like 18-
crown-6, and it is well known that the strengths of
nitrogen–transition metal bonds are greater than those
of oxygen–transition metal bonds in solution [3, 4]. The
gas-phase behavior of these types of complexes is less
well documented, in part because of the historical
difficulty of generating doubly charged complexes in
the gas phase.
Over the past four years, an increasing number of
studies involving ESI/mass spectrometry have re-
ported the formation of transition metal complexes
involving an array of ligands [5–14], ranging from small
solvent molecules like water and acetonitrile to larger
molecules with biological importance, such as peptides
and oligosaccharides. Insight into the structure and the
nature of the binding interactions in such metal com-
plexes can be obtained via collisional activated dissoci-
ation (CAD) methods to probe the disassembly of the
complexes. In fact, previous CAD studies have shown
that multiligand complexes do not necessarily dissoci-
ate by an orderly loss of ligands, but instead frequently
undergo more complicated processes such as charge
reduction and interligand proton transfer [5, 6, 8, 9]. It
was found that the relative percentage of charge reduc-
tion of metal complexes containing small organic li-
gands such as NH3, pyridine, or DMSO typically cor-
related with the ionization energy of the ligand [5, 8]. In
both alkaline earth and transition metal complexes of
acetonitrile, the metal underwent formal reduction
from a 12 to 11 oxidation state by electron transfer
from acetonitrile upon CAD [6, 9]. CAD studies of
metal/biomolecule complexes have demonstrated that
different transition metals tend to anchor at different
sites in the biological ligands and thus may promote
variation in the dissociation patterns depending on the
identity of the metal ion [11, 12]. Other studies have
used CAD to probe the role and/or site of the metal ion
in the dissociation of transition metal/peptide-contain-
ing complexes. Also of great interest is the formation
and dissociation of metal complexes in which two or
more different ligands are simultaneously bound to the
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metal ion, meaning that the disassembly of these com-
plexes depends on the binding interactions of the inde-
pendent ligands.
We extend our examination of multisite coordination
chemistry in the gas phase to doubly charged transition
metal complexes formed by ESI of methanolic solutions
containing contain both polyether and pyridyl ligands
in the present study. Previously, we have evaluated the
complexation of polyether and pyridyl ligands with
monopositive in transition metal ions generated by
laser-desorption [13–16] and doubly charged metal ions
in solution by ESI [16, 17]. In this work, we evaluate the
dissociation of various doubly charged metal com-
plexes containing both polyether and pyridyl ligands as
generated by ESI. The complexes of special interest
incorporate at least one polyether or at least one pyridyl
ligand bound to a transition metal ion. CAD is used to
evaluate the favored fragmentation pathways of the
dimer vs. trimer complexes. The ligands of interest
possess one or multiple donor atoms that may coordi-
nate the metal ion, and they have varying degrees of
flexibility which influence the ability to attain an opti-
mum binding configuration within the dimer and tri-
mer complexes.
Experimental
All experiments were performed using a Finnigan ion
trap mass spectrometer operating in mass-selective in-
stability mode with modified electronics to allow axial
modulation and stored waveform inverse Fourier trans-
form (SWIFT). The electrospray interface is based on a
design previously described by Oak Ridge National
Laboratory [18] which does not incorporate a desolva-
tion capillary nor a heated gas. The analyte solutions
were admitted into the interface region by using a 120
mm i.d. dome tipped stainless steel needle with a zero
dead volume union at a flow rate of 5–15 mL/min. The
needle is normally charged to (1) 3–4 kV to generate
positive ions. A 150 ms gating time and 200 ms desol-
vation time after gating were used for all experiments.
Ions are detected using a Channeltron 4773-G detector
electron multiplier (Galileo Electro-Optics, Sturbridge,
MA). The isolation and fragmentation of the complexes
were accomplished by using the SWIFT system de-
scribed elsewhere [19]. Fragmentation of the complexes
was accomplished by applying an ac voltage of 200
mVp–p–1 Vp–p across the endcaps of the ion trap for a
period of 20 ms.
All compounds were dissolved in 100% analytical
grade methanol. Stock solutions of 5 3 1023 M were
prepared for all reagents. Mixtures were then prepared
using these stock solutions and diluted to a final con-
centration of 1.0–2.5 3 1024 M with analytical grade
methanol. Most solutions contained equimolar poly-
ether, pyridyl ligand, and metal salts. Doubly charged
metal ions were generated from iodide, chloride, or
fluoride transition metal salts.
All chemicals were obtained from either Aldrich
Chemical (Milwaukee, WI) or Sigma (St. Louis, Missou-
ri). All reagents were used without further purification.
Results and Discussion
In our experiments, complexes were formed by spray-
ing mixtures of prepared stock solutions containing
pyridyl ligands (abbreviated as Pyr), polyether ligands
(abbreviated as PE), and transition metal salts in meth-
anol. Both dimer and trimer complexes incorporating
one or two polyether ligands, one or two pyridyl
ligands, and a doubly charged metal ion may be ob-
served upon ESI. CAD was subsequently used to probe
the disassembly of the complexes and the results are
summarized in Tables 1–3. For cases in which the
solutions containing equimolar concentrations of pyri-
dyl and polyether ligands produced low intensities of
the mixed-ligand complexes (i.e., for many of the Ni21
solutions), the concentration of the polyether ligands
was increased by an order of magnitude to enhance the
formation of the mixed complexes. In general, the CAD
patterns of the mixed-ligand trimer complexes follow
very uniform dissociation pathways in which the dom-
inant processes are losses of entire pyridyl or polyether
ligands, thus resulting in mixed-ligand dimer com-
plexes. The CAD spectra of the dimer complexes show
a much more diverse array of fragmentation pathways,
including charge reduction processes and formation of
ions that do not incorporate the metal ion. In addition,
the CAD spectra of the Ni21 and Co21 complexes are
generally similar, whereas they are substantially differ-
ent from the CAD spectra of the analogous Cu21
complexes.
Examples of the CAD spectra are shown in Figures 2,
3, and 4 for complexes containing 15-crown-5, 2,29-
bipyridine, and Co21. For CAD of (15-C-5 1 Co21 1
2,29-bipyr), the resulting spectrum (Figure 2) shows
Figure 1. Structures of multidentate molecules.
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fragment ions assigned as (2,29-bipyr)1 z at 10% TIC and
(15-C-5 1 Co21 at 90% TIC. The expected complemen-
tary fragment to (2,29-bipyr)1z is (15-C-5 1 Co1), but it
is not detected, as discussed later. The CAD spectrum of
the (15-C-5 3 2 1 Co21 1 2,29-bipyr) trimer shows
only one fragment which is due to the loss of one entire
molecule of 15-C-5 (Figure 3). The CAD spectrum of the
(15-C-5 1 Co21 1 2,29-bipyr 3 2) trimer has one dom-
inant fragment ion which is due to the loss of one entire
molecule of 2,29-bipyr (90% TIC), and a minor fragment
due to the loss of 15-C-5 (10% TIC) (Figure 4). Tables 1–3
summarize the major fragments seen in the CAD spec-
tra of the various Co21, Ni21, and Cu21 complexes.
Because of the normal day-to-day variations in the
fragment ion distributions observed in the CAD spec-
tra, small differences in percentages (5%–15%) are not
necessarily indicative of a change in the behavior of the
metal complex. Instead, the focus is on dramatic
changes in fragment ion distributions (30%–95%) be-
tween the Ni21, Co21, and Cu21 complexes that signal a
significant change in the influence of the metal ion.
CAD of Crown Ether/Pyridyl Ligand Dimers
For the dimer complexes, i.e., (CE 1 M21 1 Pyr) where
CE represents a crown ether and Pyr represents a
pyridyl ligand, there are three dominant fragmentation
pathways: formation of (Pyr)1z, formation of (Pyr 1
M1), and formation of (CE 1 M21) (Scheme 1A,B,C and
Table 1). The first two processes involve charge reduc-
tion reactions. The preference for these three pathways
varies with the identity of the metal ion (Co21, and Ni21
vs. Cu21) and the number of donor atoms of the crown
ether. For the complexes involving a crown ether, Co21
or Ni21, and either 2,29-bipyridine or 1,10-phenanthro-
line, only two pathways are dominant: the elimination
of the pyridyl ligand to form (CE 1 M21) and forma-
tion of (Pyr)1z (Scheme 1C,A). The dominance of the
first pathway increases with the size of the crown ether,
a trend that reflects the correlation between the binding
strength and the number of oxygen donor atoms (bind-
ing sites) of the crown ether, a factor which mediates the
ability of the crown ether to effectively coordinate the
Table 1. CAD of crown ether/pyridyl ligand/transition metal complexes: fragment ions and percentagea
Complex (Pyr)1 z (Pyr 1 M1) (CE 1 M21) (CE 1 M1) Other ions (m/z)
Scheme reference: 1A 1B 1C
(12-C-4 1 Co21 1 2,29-bipyr) 40 0 5 0 138, 145
(12-C-4 1 Cu21 2,29-bipyr) 30 50 0 0 132
(12-C-4 1 Co21 1 1,10-phen) 50 5 5 0 157
(12-C-4 1 Cu21 1 1,10-phen) 30 45 0 5 143
(15-C-5 1 Co21 1 2,29-bipyr) 10 0 90 0 N/A
(15-C-5 1 Ni21 1 2,29-bipyr) 20 0 80 0 N/A
(15-C-5 1 Cu21 1 2,29-bipyr) 20 20 20 5 157
(15-C-5 1 Co21 1 1,10-phen) 60 0 25 0 252, 208
(15-C-5 1 Ni21 1 1,10-phen) 60 0 20 0 269
(15-C-5 1 Cu21 1 1,10-phen) 30 20 5 15 181
(18-C-6 1 Co21 1 2,29-bipyr) 15 0 85 0 N/A
(18-C-6 1 Ni21 1 2,29-bipyr) 0 0 80 0 139
(18-C-6 1 Cu21 1 2,29-bipyr) 10 40 50 0 N/A
(18-C-6 1 Co21 1 1,10-phen) 10 0 70 0 208
(18-C-6 1 Ni21 1 1 1,10-phen) 25 0 75 0 0
(18-C-6 1 Cu21 1 1,10-phen) 30 65 0 0 208
aAll values 610%; M 5 Cu or Co; Pyr 5 pyridyl ligand, PE 5 polyether. The following complexes could not be studied because of inefficient
formation: (12-C-4 1 Ni21 1 2,29-bipyr) and (12-C-4 1 Ni21 1 1,10-phen).
Table 2. CAD of glyme/pyridyl ligand/transition metal complexes: fragment ions and percentagea
Complex (Pyr 1 M21 1 glyme2)b (Pyr1) 591, 1031 c (Pyr 1 M1) (Glyme 1 M21)
(Trig 1 Co21 1 2,29-bipyr) 40 0 60 0 0
(Trig 1 Cu21 1 2,29-bipyr) 10 0 85 5 0
(Trig 1 Co21 1 1,10-phen) 10 0 50 40 0
(Trig 1 Cu21 1 1,10-phen) 0 0 70 30 0
(Tetrag 1 Co21 1 2,29-bipyr) 30 0 50 0 20
(Tetrag 1 Cu21 1 2,29-bipyr) 0 0 90 10 0
(Tetrag 1 Co21 1 1,10-phen) 50 0 50 0 0
(Tetrag 1 Ni21 1 1,10-phen) 10 0 90 0 0
(Tetrag 1 Cu21 1 1,10-phen) 0 5 65 30 0
aAll values 610%; Trig 5 triglyme; Tetrag 5 tetraglyme; M 5 Cu or Co; Pyr 5 pyridyl ligand, PE 5 polyether. The following complexes could not be
studied because of inefficient formation: (trig 1 Ni21 1 2,29-bipyr), (trig 1 Ni21 1 1,10-phen), (tetrag 1 Ni21 1 2,29-bipyr).
bGlyme2 5 CH3(OCH2CH2)nO
2 where n 5 1 or 2.
c 591, 1031 5 CH3(OCH2CH2)n
1 where n 5 1 or 2.
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metal ion. The fact that a single crown ether can remain
bound to the metal ion over a single pyridyl ligand is an
interesting result because oxygen–transition metal
bonds are typically weaker than nitrogen–transition
metal bonds in solution [3, 4]. Moreover, the stability
constants for pyridyl/transition metal complexes in
solution are several orders of magnitude greater then
stability constants for polyether/transition metal com-
plexes [3], thus one might infer that pyridyl ligands
would be much more strongly bound in the mixed-
ligand complexes and thus remain preferentially at-
tached to the metal ion in the gas phase. However, the
results can be rationalized based on the gas-phase
behavior of metal complexes and metal–ligand bond
strengths, rather then solution results. A polyether can
fully coordinate a doubly charged transition metal ion





M21) Loss of PE (PE 1 M21) Loss of PE (PE 1 M21)
(12-C-4 3 2 1 M21 1 2,29-bipyr) 100 0 NAa 100 0
(12-C-4 3 2 1 M21 1 1,10-phen) 100 0 NA 100 0
(15-C-5 3 2 1 M21 1 2,29-bipyr) 100 0 90 10 100 0
(15-C-5 3 2 1 M21 1 1,10-phen) 100 0 NA 100 0
(18-C-6 3 2 1 M21 1 2,29-bipyr) 80 20 80 20 100 0
(18-C-6 3 2 1 M21 1 1,10-phen) 100 0 100 0 100 0
(Trig 3 2 1 M21 1 2,29-bipyr) 100 0 NA 100 0
(Trig 3 2 1 M21 1 1,10-phen) 100 0 NA 100 0
(Tetrag 3 2 .1 M21 1 2,29-bipyr) 100 0 NA 100 0
(Tetrag 3 2 1 M21 1 1,10-phen) 100 0 NA 100 0
(B) Complex
Co21 Ni21
Loss of PE Loss of Pyr Loss of PE Loss of Pyr
(12-C-4 3 2 1 Co21 1 2,29-bipyr 3 2) 10 90 50 50
(12-C-4 3 2 1 Co21 1 1,10-phen 3 2) 100 0 NAa
(15-C-5 3 2 1 Co21 1 2,29-bipyr 3 2) 10 90 40 60
(15-C-5 3 2 1 Co21 1 1,10-phen 3 2) 100 10 NA
(18-C-6 3 2 1 Co21 1 2,29-bipyr 3 2) 0 100 10 90
(18-C-6 3 2 1 Co21 1 1,10-phen 3 2) 95 5 100 0
(Trig 1 Co21 1 2,29-bipyr 3 2) 95 5 NA
(Trig 1 Co21 1 1,10-phen 3 2) 100 0 NA
(Tetrag 1 Co21 1 2,29-bipyr 3 2) 55 45 70 30
(Tetrag 1 Co21 1 1,10-phen 3 2) 100 0 NA
aNA 5 precursor complex was not formed.
Figure 2. Isolation and CAD of (15-crown-5 1 Co21 1 2,29-bipyridine).
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in the gas phase, whereas a bidentate pyridyl ligand
such as 2,29-bipyridine or 1,10-phenanthroline cannot
completely coordinate the metal ion. This behavior was
elucidated previously for reactions of polyether and
pyridyl ligands with singly charged transition metal
ions in the gas phase [13]. In that earlier study, it was
shown that the (PE 1 M1) complexes were thermody-
namically favored over many of the (Pyr 1 M1) com-
plexes, where M1 is a singly charged transition metal,
and a similar effect may be operative for complexes that
involve the dissociation of complexes containing dou-
bly charged metal ions in the gas phase.
The formation of (Pyr)1z is the other dominant dis-
sociation pathway for the Co21 and Ni21 complexes
(Scheme 1A); however, the complementary ion (PE 1
M1) is rarely observed. The absence of the complemen-
tary (PE 1 M1) ions may indicate that these products
are formed with sufficient excess internal energy during
the dissociation process that they rapidly undergo dis-
assembly, perhaps via cleavage of the oxygen–transi-
tion metal bonds to form M1 and a neutral polyether or
by cleavage of covalent bonds in the polyether. Excess
energy is available because the fragmentation process of
(PE 1 M21 1 Pyr) to form (Pyr)1z involves a one-elec-
tron charge transfer from the pyridyl ligand to the
(M21 1 PE) portion. Based on the known ionization
energies of pyridyl ligands vs. metals [20, 21], the
electron transfer may be very exoergic. The exact exo-
Figure 3. Isolation and CAD of (15-crown-5 3 2 1 Co21 1 2,29-bipyridine).
Figure 4. Isolation and CAD of (15-crown-5 1 Co21 1 2,29-bipyridine 3 2).
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ergicity of the reaction cannot be directly calculated
from the difference in ionization potentials between the
pyridyl ligand and the metal because the metal is
solvated by the polyether, thus changing the energetics
of the reduction reaction. Upon dissociation of the
(CE 1 M21 1 Pyr) complexes, the favored formation of
(Pyr)1z ions relative to the absence of (CE)1 z ions likely
stems from the lower ionization energies of pyridyl
ligands compared to the ionization energies of crown
ethers [21].
For the complexes involving a crown ether, Cu21,
and either 2,29-bipyridine or 1,10-phenanthroline, three
dissociation pathways are observed: the elimination of
the pyridyl ligand to form (CE 1 Cu21) (Scheme 1C),
formation of (Pyr)1z (Scheme 1A), and formation of
(Pyr 1 Cu1) (Scheme 1B). A minor amount of (CE 1
Cu1), the ion that is complementary to formation of
(Pyr)1z , is observed, unlike for the analogous Co21 and
Ni21 complexes in which the complementary ions were
not detected. The presence of stable singly charged
(CE 1 Cu21) and (Pyr 1 Cu1) complexes, in contrast to
the virtual absence of these products during CAD of the
analogous Co21 and Ni21 complexes, may stem from
three differences between the metal ions. First, the
oxygen–Cu1 and nitrogen–Cu1 bonds may be stronger
then the corresponding oxygen–metal and nitrogen–
metal bonds for the Co1 and Ni1 complexes in the gas
phase, thus allowing preferential stabilization of the
(CE 1 Cu1) and (Pyr 1 Cu1) complexes. Alterna-
tively, the electron transfer required to form the (Pyr 1
Cu1) or (CE 1 Cu1) ions during dissociation of the
(PE 1 Cu21 1 Pyr) complexes may be less exoergic
than the analogous electron transfer processes for the
(PE 1 Co21 1 Pyr) and (PE 1 Ni21 1 Pyr) complexes.
This difference would lead to deposition of less internal
energy in the resulting (Cu1 1 PE) and (Cu1 1 Pyr)
ions, allowing them a greater chance for survival with-
out rapid dissociation in the ion trap. The second
ionization energy of copper (20.3 eV) is significantly
higher than the second ionization energy of cobalt (17.0
eV) and nickel (18.2 eV) [21], thus favoring the charge
reduction process of copper more than that of cobalt or
nickel. As mentioned above, the exact exoergicity of the
reaction cannot be directly calculated from the differ-
ence in ionization potentials between the ligands and
the metal because the metal is bound to two ligands in
the precursor complexes and to one ligand in the
resulting product, thus changing the apparent ioniza-
tion potential of the metal and altering the reaction
energetics. Third, the resulting (Pyr 1 Cu1) and (CE 1
Cu1) complexes are closed-shell species because Cu1 is
d10, unlike for the Ni1, or Co1 complexes, thus giving
the Cu1 complexes special stability.
The ion that is complementary to the formation of
(Pyr 1 Cu21) (Scheme 1B) is (CE)1z, and it is never
observed. The absence of (CE)1z ions suggests that the
electron transfer process from the polyether to (Pyr 1
Cu21) during activation of the (PE 1 Cu21 1 Pyr) com-
plexes is sufficiently exoergic that the resulting (CE)1z
ions rapidly undergo further decomposition because of
deposition of excess internal energy in the polyether
radical cations.
For the Cu21 complexes that incorporate 1,10-
phenanthroline, crown ether-containing fragment ions
are significantly quenched relative to the fragmentation
of analogous complexes that incorporate 2,29-bipyridine
rather than 1,10-phenanthroline. This contrast is well
illustrated by the CAD behavior of (18-C-6 1 Cu21 1
1,10-phen) vs. (18-C-6 1 Cu21 1 2,29-bipyr). The CAD
spectrum of the former does not contain any (18-C-6 1
Cu21) ions, whereas the (18-C-6 1 Cu21) ion is the
dominant fragment ion of the latter complexes. A
similar trend was operative in the dissociation of the
analogous Co21 mixed-ligand dimer complexes. This
difference is rationalized based on the lower metal
binding free energy of 2,2-bipyridine relative to the
binding free energy of 1,10-phenanthroline [12, 14], thus
allowing the crown ethers to more effectively compete
for retention of the metal during dissociation of the
2,29-bipyridine/crown ether complexes.
A general comparison of the CAD spectra of Co21-
Ni21-containing complexes and Cu21-containing com-
plexes indicates that the CAD spectra of the Cu21-
containing complexes show a greater portion of frag-
ment ions in which the metal has undergone a formal
reduction of its oxidation state. For example, approxi-
mately 45% of the fragment ion distribution of the
(12-C-4 1 Cu21 1 1,10-phen) complexes incorporate
Cu1, whereas less than 5% of the (12-C-4 1 Co21 1
1,10-phen) complexes incorporate Co1. Secondly, the
Co21 and Ni21 complexes show a larger preference for
dissociation pathways in which the polyethers retain
the metal ions in their 12 oxidation state. 90% of the
fragment ion distribution of (15-C-5 1 Co21 1 2,2-bi-
pyr) is (15-C-5 1 Co21), whereas only 20% of the frag-
Scheme 1. Dissociation of (15-crown-5 1 M21 1 1,10-phenanth-
roline)
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ment ion distribution of the (15-C-5 1 Cu21 1 2,29-
bipyr) is (15-C-5 1 Cu21). A similar type of
phenomenon has been noted previously from CAD
studies of acetonitrile/metal clusters, in which the
Cu21-containing clusters underwent preferential charge
reduction upon CAD [18, 21]. Three features may
contribute to the differences observed for dissociation
of the Cu21, Co21, and Ni21 complexes. As mentioned
previously, Cu21 is more easily reduced to Cu1 com-
pared to the same reduction process for cobalt or nickel
ions (by ;2–3 eV). This difference in relative ionization
energies allows the crown ethers to serve as the reduc-
ing agent for the Cu21 complexes, thus resulting in
formation of (Pyr 1 Cu1) ions. Second, crown ethers
bind Co21 or Ni21 more strongly than they bind Cu21
because of the degree of orbital overlap [3, 22], so the
dissociation patterns of the mixed-ligand dimer com-
plexes reflect this difference and favor the production of
(CE 1 M21) fragments only for Co21 and Ni21, not
Cu21. Third, the reduction of the Cu21 ions in the
complexes leads to closed-shell Cu1 complexes, ones
that are more stable than the analogous open shell Ni1
or Co1 counterparts.
CAD of Glyme/Pyridyl Ligand Dimers
The CAD patterns of the dimer complexes involving the
acyclic polyethers are strikingly different from those of
the crown ethers (see Table 2). The two dominant
fragmentation processes for the Co21/glyme/pyridyl
and Ni21/glyme/pyridyl complexes include loss of a
portion of the glyme to form (Pyr 1 M21 1 glyme
fragment2) and the formation of the complementary
ion, (glyme fragment)1 (Scheme 2). The anionic glyme
fragment portion corresponds to CH3(OCH2CH2)nO
2
where n 5 1 or 2, and the complementary portion is
CH3(OCH2CH2)n
1 where n 5 1 or 2 (m/z 59 and 103,
respectively). This pair of pathways indicates that a tail
portion of the glyme is easily eliminated via heterolytic
C–O bond cleavage. One other minor dissociation pro-
cess observed only for (triglyme 1 Co21 1 1,10-phen)
is formation of (1,10-phen)1z . For the Cu21 complexes,
the only two dominant fragmentation pathways are
formation of (Pyr 1 Cu1) via reduction of the metal ion
and loss of the entire glyme, and formation of glyme
fragments assigned as CH3(OCH2CH2)n
1 where n 5 1
or 2 (m/z 59 or 103).
The dramatic contrast between the dissociation path-
ways of the complexes involving cyclic vs. acyclic
polyethers stems from the linear structures of the glyme
ligands which allow heterolytic cleavage of the C–O
bonds in the polyether and rapid elimination of a
positively charged portion of the glyme. If analogous
processes were initiated in the crown ether complexes,
the positively charged portion of the crown ether would
remain attached to the polyether because it would still
be tied to the other end of the skeleton, thus resulting in
a complex with the same components as the original
complex yet with unfavorable zwitterionic character.
CAD of Polyether/Pyridyl Ligand Trimers
The trimer complexes follow much simpler dissociation
pathways involving either the loss of an entire poly-
ether or entire pyridyl ligand. Examples are shown in
Figure 3 for the dissociation of (15-C-5 3 2 1 Co21 1
2,29-bipyr) and in Figure 4 for the dissociation of
(15-C-5 1 Co21 1 2,29-bipyr 3 2). The (15-C-5 3 2 1
Co21 1 2,29-bipyr) complex dissociates exclusively by
elimination of one molecule of 15-crown-5, whereas the
(15-C-5 1 Co21 1 2,29-bipyr 3 2) complex dissociates
predominantly by loss of one molecule of 2,29-bipyri-
dine. In both CAD spectra, the dominant fragment ion
is identified as the mixed-ligand complex, (15-C-5 1
Co21 1 2,29-bipyr). The results for all of the trimers are
summarized in Table 3.
The CAD spectra of the (PE 3 2 1 Co21 1 pyr)
complexes are nearly uniform in the sense that the loss
of the polyether is always dominant, resulting in the
mixed-ligand complex (PE 1 Co21 1 pyr) (Scheme 3).
These results indicate that the elimination of one poly-
ether unit is the kinetically favored process, virtually
independent of the size of the polyether. Only for the
complex containing the largest polyether, 18-crown-6,
and the pyridyl ligand with the lowest binding
strength, 2,29-bipyridine, is the loss of the pyridyl
ligand ever observed, thus confirming that the elimina-
tion of the pyridyl ligand rarely competes with the loss
of the polyether ligand.
The CAD spectra of the (PE 1 Co21 1 Pyr 3 2)
complexes show more variations: both (PE 1 Co21 1
Pyr) and (Co21 1 Pyr 3 2) ions are observed depend-
ing on the identities of the polyether and pyridyl
Scheme 2. Dissociation of (tetraglyme 1 Co21 1 1,10-phenan-
throline) Scheme 3. Dissociation of (15-crown-5 3 2 1 Co21 1 1,10-
phenanthroline)
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ligands (Scheme 4). Loss of the pyridyl ligand is more
dominant for the 2,29-bipyridine complexes over the
1,10-phenanthroline complexes. Likewise, loss of the
pyridyl ligand is more prevalent when the larger poly-
ethers are involved in the complexes. These trends are
rationalized based on the greater metal binding
strength of 1,10-phenanthroline over 2,29-bipyridine [3]
and the greater binding strength of the larger poly-
ethers over the smaller polyethers [22]. In general, the
CAD spectra of these trimer complexes are very pre-
dictable based on the known metal binding properties
of the ligands.
Interestingly, the less favorable coordination
strengths of triglyme and tetraglyme in the trimer
complexes relative to the crown ethers is underscored
by the dissociation patterns of the (PE 1 Co21 1 2,29-
bipyr 3 2) complexes. For the crown ether-containing
complexes, loss of 2,29-bipyridine is favored. In con-
trast, elimination of the glyme is dominant for the
analogous glyme-containing trimer complexes, suggest-
ing that the glyme is less strongly coordinated in the
trimer complexes.
It is interesting that the various crown ether/2,29-
bipyridine trimer complexes dissociate to the same
mixed-ligand complexes, irrespective of whether two
crown ether molecules and one pyridyl ligand or two
pyridyl ligands and one crown ether molecule are
involved in the complex. For example, the (15-C-5 3
2 1 Co21 1 2,29-bipyr) dissociates exclusively via loss
of one of the 15-crown-5 ligands, indicating that elimi-
nation of the bulky crown ether ligand is kinetically
favored. Based on this behavior, one might expect that
the (15-C-5 1 Co21 1 2,29-bipyr 3 2) complex would
follow this same behavior: dissociation by loss of the
bulky 15-crown-5 molecule. In opposition to this pre-
diction, (15-C-5 1 Co21 1 2,29-bipyr 3 2) trimer loses
one of the 2,29-bipyridine ligands. Similar behavior
occurs for the 12-crown-4/2,29-bipyridine and 18-
crown-6/2,29-bipyridine trimer complexes. This behav-
ior may be rationalized in two ways. First, the CAD
process occurs under kinetic control and does not
necessarily lead to the thermodynamically favored
dimer products. The loss of the crown ether from the
(CE 1 Co21 1 2,29-bipyr 3 2) trimer may have a larger
activation barrier than the loss of 2,2-bipyridine because
the crown ether is a flexible multidentate ligand that
can modify its interactions with the metal ion. Thus,
displacement of the more rigid bidentate pyridyl ligand
may occur on a faster time scale, leading to a dimer
product that is not necessarily the most stable one. The
(2 3 CE 1 Co21 1 2,29-bipyr) trimer suffers from a
greater extent of ligand–ligand repulsions overall, so
the elimination of one of the two crown ether ligands is
favored. Alternatively, the thermodynamically-favored
trimer structures may naturally incorporate one poly-
ether and one 2,29-bipyridine ligand that are positioned
to maximize the alignment of their bond dipoles with
the metal ions in the most favorable geometry while
minimizing ligand repulsions. The actual geometries of
the trimers are likely distorted octahedrons because the
polyether vs. pyridyl ligands generate unequal electric
fields (i.e., different crystal field strengths) [20]. The
third ligand, whether it is a polyether or 2,29-bipyridine
ligand, may occupy a less stable position and thus is
more rapidly displaced in the CAD process. The situa-
tion changes when 1,10-phenanthroline replaces 2,29-
bipyridine in the trimers. In this case, loss of the crown
ether is favored for both the (CE 1 Co21 1 1,10-
phen 3 2) complexes. Because 1,10-phenanthroline
binds the metal ion more strongly than 2,29-bipyridine
or the crown ethers, the phenanthroline ligands always
occupy the most favorable coordination sites and re-
main strongly bound to the metal ion, and the crown
ether ligands are most easily eliminated from the trimer
complexes.
Because Cu21 favors the square planar geometry
with only four coordination sites, trimers of the type
(PE 3 2 1 Cu21 1 Pyr) but not (PE 1 Cu21 1 Pyr 3
2) are formed. The (PE 3 2 1 Cu21 1 Pyr) trimers dis-
sociate by elimination of one polyether molecule
(Scheme 5), a result that is easily rationalized because
the two polyether ligands are each bound to the Cu21
ion via only one dative bond.
Conclusions
For all of the various mixed-ligand trimer complexes,
elimination of a complete ligand is the only fragmenta-
tion pathway, whereas for the mixed-ligand dimer
complexes, dissociation pathways that involve electron
transfer to form charged-reduced fragment ions are
dominant. These pathways are heavily influenced by
both the second ionization energy and electron config-
uration of the metal ion as well as the binding energies
between the metal ion and ligands, thus providing
Scheme 4. Dissociation of (15-crown-5 1 Co21 1 2,29-bipyri-
dine 3 2)
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some degree of predictability in the fragmentation
pathways. For example, the extent of elimination of the
pyridyl ligand from the (crown ether 1 M21 1 pyridyl
ligand) complexes increases with the binding energy of
the crown ether and decreases with the binding energy
of the pyridyl ligand, and this type of trend is one that
is logically rationalized based on the known binding
properties of organic ligands within the same class of
molecules. Moreover, the absence of certain comple-
mentary fragment ions when the doubly charged com-
plexes dissociate into two singly charged products
indicates that some of the fragmentation processes are
so exoergic that the more labile fragment ions are not
stable in the trap. The trimer complexes never undergo
charge reduction processes during disassembly, con-
firming that the complexes in which the metal ions are
fully coordinated shed excess energy most efficiently by
a type of “desolvation” process in which entire poly-
ether or pyridyl ligands are eliminated.
In general, the fragmentation patterns of the Ni21
and Co21 complexes are similar, whereas those of the
Cu21 complexes are often quite different in terms of the
preference for fragmentation by charge reduction pro-
cesses and preference for elimination of the pyridyl or
polyether ligands. For instance, the fragmentation path-
way that involves elimination of the pyridyl ligand,
resulting in (crown ether 1 M21) ions, is much more
dominant for the Ni21 and Co21 complexes than for the
analogous Cu21 complexes. In fact, it is interesting that
formation of (crown ether 1 M21) ions, rather than
formation of (pyridyl ligand 1 M21) ions, is one of the
more frequently observed dissociation processes be-
cause pyridyl ligands bind transition metal ions much
more strongly than do polyethers in solution. This
result underscores the fact that these gas-phase com-
plexes, although having structures that are superficially
parallel to ones in solution, dissociate in ways that
cannot be predicted simply based on known solution
properties. Instead, the stability of the ions in the gas
phase must be considered, and in this case the multi-
dentate polyethers are better able than the more rigid
bidentate pyridyl ligands to effectively coordinate the
transition metal ions in the absence of other stabilizing
solvation interactions. For dissociation of the Cu21-
containing dimer complexes, a greater percentage of
charge-reduced products is formed than observed for
the analogous Co21 or Ni21 complexes, reflecting the
higher second ionization energy of Cu21 relative to
Ni21 or Co21 and/or the favorable formation of closed
shell Cu21 complexes.
These results may give some insight into the predic-
tion of fragmentation pathways for other metal com-
plexes, such as those containing small biological mole-
cules. For example, based on these results, processes
involving charge reduction would be expected to dom-
inate for the Cu21-containing complexes, but not for the
Ni21 or Co21 complexes, thus possibly allowing one
way to tailor the fragmentation patterns of targeted
molecules in analytical applications. In addition, each
singly charged fragment ion formed upon division of a
doubly charged complex would not necessarily be
detected, thus meaning that identification of fragment
ions should not be based on observation of the comple-
mentary pairs of fragments. There is also a general
preference for the Ni21 or Co21 ions to remain associ-
ated with the oxygen-rich portion of the molecules,
whereas Cu21 remains associated with the nitrogen-rich
portions of the ligands, thus giving clues about the
location of the metal ions when attempting to interpret
fragmentation patterns and binding sites.
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